Estrogens have been described to induce synaptogenesis in principal neurons of the hippocampus and have been shown to be synthesized and released by exactly these neurons. Here, we have focused on the significance of local estrogen synthesis on spine synapse formation and the synthesis of synaptic proteins. To this end, we reduced hippocampal estrogen synthesis in vitro with letrozole, a reversible nonsteroidal aromatase inhibitor. In hippocampal slice cultures, letrozole treatment resulted in a dose-dependent decrease of 17␤-estradiol as quantified by RIA. This was accompanied by a significant decrease in the density of spine synapses and in the number of presynaptic boutons. Quantitative immunohistochemistry revealed a downregulation of spinophilin, a marker of dendritic spines, and synaptophysin, a protein of presynaptic vesicles, in response to letrozole. Surprisingly, no increase in the density of spines, boutons, and synapses and in spinophilin expression was seen after application of estradiol to the medium of cultures that had not been treated with letrozole. However, synaptophysin expression was upregulated under these conditions. Our results point to an essential role of endogenous hippocampal estrogen synthesis in the maintenance of hippocampal spine synapses.
Introduction
Previous studies have shown an increased dendritic spine density in hippocampal CA1 pyramidal cells after estrogen treatment of ovariectomized rats and of hippocampal cell cultures (for review, see Segal and Murphy, 2001; McEwen, 2002) . For the presynaptic side, a corresponding increase in the frequency of multiple synapse boutons in CA1 after estradiol application was described (Woolley et al., 1996; Yankova et al., 2001) . Consistent with these findings, Crispino et al. (1999) reported changes in synaptic proteins after estrogen treatment. Likewise, an upregulation of synaptophysin and spinophilin immunoreactivity in response to estrogen was shown. Most of these effects could be blocked by estrogen receptor (ER) antagonists (Brake et al., 2001; Rune et al., 2002; Hao et al., 2003; Yokomaku et al., 2003) .
Actions of estrogens are classically mediated by their binding to nuclear receptor subtypes, which results in binding of the receptor to an estrogen-responsive element and finally the expression of estrogen target genes (for review, see Klinge, 2001 ). Posttranscriptional effects, however, have also been described (L'Horset et al., 1990; Ing et al., 1996; Srivastava et al., 1997; Ing and Ott, 1999; Akama and McEwen, 2003; Yokomaku et al., 2003) . In addition, estrogen effects are presumed to be mediated by putative, as yet not identified, membrane-bound receptors (Moss et al., 1997; Revelli, 1998; Razandi et al., 1999; ToranAllerand, 2002) . This would imply that estrogens share common signal transduction pathways with other signal molecules (e.g., neurotrophic factors) (Linford et al., 2000; Balthazart et al., 2001; Bi et al., 2001; Björnström and Sjöberg, 2002; Shingo and Kito, 2002) . In fact, such a cross talk between estrogens and neurotrophins has been documented (for review, see Toran-Allerand et al., 1999; Toran-Allerand, 2000) .
In the present study, we attempted to downregulate hippocampal estrogen synthesis by using a reversible nonsteroidal aromatase inhibitor (letrozole). In the hippocampus, all enzymes of steroidogenesis are expressed, including aromatase, which converts testosterone to estradiol and represents the final step of estrogen synthesis (for review, see Azcoitia et al., 1999; Compagnone and Mellon, 2000; Garcia-Segura et al., 2001; Wehrenberg et al., 2001) . A sixfold higher concentration of estradiol in the hippocampus than in plasma strongly indicates that estrogen synthesis takes place in the hippocampus (Hojo et al., 2004) . Recently we have shown, for the first time, that adult hippocampal neurons indeed synthesize estrogens in vitro and that this synthesis is strongly attenuated by the inhibition of aromatase activity. Furthermore, these hippocampus-derived estrogens regulate the ER expression in hippocampal neurons and thereby indicate an auto/paracrine way of action (Prange-Kiel et al., 2003) . Reversible nonsteroidal aromatase inhibitors actively de-crease the amount of circulating estrogens rather than eliminate the enzyme as known for irreversible steroidal agents. Anti-estrogens commonly used to abolish estrogen action by blocking ERs were shown to also exert agonistic effects (Nilsson and Gustafsson, 2002) . Letrozole treatment, in contrast, results in very low levels of residual active aromatase (Höffken, 1999; Mitropoulou et al., 2003) . Thus, we sought to remove the source of estrogen rather than neutralize its action by using ER antagonists.
We show that inhibition of estrogen synthesis by inactivating aromatase in hippocampal cultures reduces the density of spines and synapses and downregulates synaptic proteins. Unexpectedly, exogenous application of estradiol per se did not induce an increase in spines and synapses in culture. Our results point to a crucial role of endogenous hippocampal estrogen synthesis in controlling hippocampal synapse number.
Materials and Methods
Animals. Wistar rats (Institute of Anatomy and Cell Biology, University of Freiburg, Freiburg, Germany; Institute of Anatomy I: Cellular Neurobiology, University of Hamburg, Hamburg, Germany) were maintained under controlled conditions, and water and food were available ad libitum. Young postnatal rats (4 -7 d of age; n ϭ 64) were anesthetized and decapitated for slice culture preparation or for cultivation of cells after dispersion. All experiments were performed in accordance with institutional guidelines for animal welfare.
Hippocampal slice cultures. Slice cultures were prepared as described in detail previously (Frotscher et al., 1995) . Slices (400 m) of hippocampi from newborn rats were prepared as described and then cultivated according to the method introduced by Stoppini et al. (1991) . Briefly, sections were stored at 4°C in a preparation solution (MEM and 2 mM glutamine) for 30 -60 min. The sections were then placed on moistened translucent membranes (0.4 m Culture Plate Insert, 30 mm diameter, Millicell-CM; Millipore, Eschborn, Germany), which were inserted in 6-well plates (35 mm in diameter) filled with 0.8 ml of medium (50% MEM, 25% HBSS, and 25% heat inactivated horse serum) with a final concentration of 2 mM glutamine and 0.044% NaHCO 3 . The pH was adjusted to 7.3. The cultures were kept in vitro for 8 d at 37°C in a humidified, CO 2 -enriched atmosphere. The culture medium was changed three times per week.
Dispersion cultures. Cell culture preparation was performed as described by Brewer (1997) , with slight modifications (Prange-Kiel et al., 2003) . Briefly, meninges and white matter were removed from the prepared hippocampi; the tissue was minced and subsequently resuspended in digestion solution (1.5 ml/hippocampus; 30 min; 30°C). Nondigested tissue was removed by filtration. The cell suspension was applied to the top of a gradient of Optiprep (Nycomed, Oslo, Norway). Optiprep was diluted in preparation medium (1:2), with a gradient consisting of four 1 ml steps of 35, 25, 20, and 15% prediluted Optiprep in preparation medium. The suspension was centrifuged for 15 min at 800 ϫ g (Megafuge 1.0 R; Heraeus, Osterode, Germany). Cells collected in the lower two fractions were washed twice with preparation medium and then resuspended in culture medium and plated on poly-D-lysine (20 g/cm 2 ; Sigma, Deisenhofen, Germany)-coated glass tiles in 24-well culture dishes (diameter, 8 mm; Nunc, Wiesbaden, Germany) at a density of 5 ϫ 10 4 cells/ml; 1 ml cell suspension was used for each well. After 1 hr of incubation (37°C; 5% CO 2 ), the glass tiles with the attached cells were transferred into new culture wells. The tiles were washed carefully with culture medium and finally incubated in 1 ml of estrogen-free fresh culture medium supplemented with basic FGF (50 ng/ml; Life Technologies, St. Paul, MN) at 37°C in an atmosphere of 5% CO 2 . The medium was changed every second day. The purity of the neuronal culture was tested by immunohistochemistry. The following antibodies were used: GFAP (1:100; Linaris, Wertheim-Dettingen, Germany), anti-MAP-2 (1:100; Boehringer, Mannheim, Germany), and anti-myelin/ oligodendrocyte-specific protein (1:1000; Chemicon, Hofheim, Germany). The culture consisted of neurons (ϳ80%), astrocytes (ϳ10%), and oligodendrocytes (ϳ10%). The preparation medium consisted of Hybernate A and B27 (1%) (both from Life Technologies, Eggenstein, Germany). The estrogen-free culture medium consisted of Neurobasal (without phenol red), B27 (1%), L-glutamine (500 mM), and antibiotics (1%) (all from Life Technologies, Eggenstein, Germany). The digestion solution consisted of the preparation medium and papain (0.2% w/v; Sigma) .
Treatment of cultures with estradiol or letrozole. After 4 d in vitro (DIV), the incubation media were supplemented with various doses of 17␤-estradiol (10 Ϫ7 , 10 Ϫ10 , and 10 Ϫ12 M; water soluble; Sigma) or various doses of letrozole (10 Ϫ13 to 10 Ϫ7 M; kindly provided by Novartis, Basel, Switzerland) for an additional 4 d (unless mentioned otherwise). Letrozole did not affect the viability of the cultures as tested in pilot experiments (data not shown).
Radioimmunoassay. Medium of nontreated and letrozole-treated cultures was collected every day and pooled for estradiol measurement. The processing of the medium and the measurement itself were performed as described previously (Prange-Kiel et al., 2003) . Values measured in unconditioned medium (pure medium, which had not been used for culture) were subtracted as background. For each treatment and each dose, three cultures were measured.
Electron microscopy. After fixation in 1% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4), hippocampal slices were postfixed in 1% OsO 4 for 30 min, dehydrated in graded ethanol using 1% uranyl acetate in 70% ethanol for 30 min, and embedded in Epon 820 (Serva, Heidelberg, Germany) (Rune et al., 1992) . Blocks were trimmed to contain only the stratum pyramidale and radiatum of the CA1 region. Thin sections were cut on a Reichert-Jung OmU3 ultramicrotome. Ultrathin sections were stained with uranyl acetate, followed by lead citrate.
Slice cultures (n ϭ 5) from pups of different litters were evaluated for the density of synapses. The spine synapse density was calculated using unbiased stereological methods as described previously (Prange-Kiel et al., 2004) . Briefly, pairs of consecutive serial ultrathin sections were cut and collected on formvar-coated single grids. The sections contained the upper and middle third of the CA1 stratum radiatum. Photographs were made at a magnification of 6600ϫ with the observer blinded to the experimental treatment. Areas occupied by interfering structures, such as large dendrites or blood vessels, were avoided intentionally. To obtain a comparable measure of synaptic numbers, unbiased for possible changes in synaptic size, the disector technique was used (Sterio, 1984) . The density of spine synapses of pyramidal cell dendrites was calculated with the help of a reference grid superimposed on the EM prints. Only those spine synapses were counted that were present on the reference section but not on the look-up section. The disector volume was calculated by multiplying the unit area of the reference grid by the distance (0.09 m) between the upper faces of the reference and the look-up section (Braendgaard and Gundersen, 1986) . To increase the efficiency of spine synapse counting, the analysis was performed treating each reference section as a look-up section and vice versa (Woolley and McEwen, 1992) . At least 10 neuropil fields were photographed on each EM grid. With at least two grids from each slice, containing at least two pairs of consecutive ultrathin sections, each slice provided a minimum of 20 neuropil fields. The mean Ϯ SD was calculated. Means were compared using ANOVA, followed by a post hoc test (LSD). A level of confidence of p Ͻ 0.05 was adopted.
Immunolabeling and image analysis. Immunohistochemistry was performed as described previously (Rune et al., 2002) . Frozen sections of hippocampal slice cultures or cell cultures were fixed in 4% paraformaldehyde and incubated overnight at 4°C with primary antibodies against synaptophysin (1:1000; Boehringer), ER␣ (1:10; Santa Cruz Biotechnology, Heidelberg, Germany), ER␤ (1:80; Advanced Biomedical Research, Hackensack, NJ), and spinophilin (1:750; Upstate Biotechnology, Lake Placid, NY). Nuclei were counterstained with TOTO-3 (Upstate Biotechnology) or 4Ј,6-diamidino-2-phenylindole (Sigma).
For the observation and documentation of the samples, a laserscanning microscope (SP2; Leica, Berlin, Germany) was used. The digitized images were further analyzed by a cell imaging system (Openlab 2.2.5; Improvision, Coventry, UK). Deconvolution of the images preceded the analysis, which was performed as described previously (Rune et al., 2002) . Briefly, with all measurements, a threshold of signal intensity was defined as being specific. For ER analysis, the nuclear area was deter-mined by the TOTO staining. A relative staining index for ER␣ and ER␤ was calculated by multiplying the stained area (number of pixels) by the intensity of staining (indicated value on a gray scale) and dividing the result by the number of measured cells. One hundred cells each were examined in regions CA1 and CA3 of the slice culture. To assay synaptophysin and spinophilin staining in slice cultures, areas of a defined size were analyzed. Here, a relative staining index was determined by multiplying the stained area (number of pixels) with the intensity of staining (indicated value on a gray scale) and dividing the result by the number of measured areas. For each group (n ϭ 5 slices), 20 fields in the stratum radiatum of the CA1 region were analyzed. For synaptophysin and spinophilin measurements in dispersion cultures, the cytoplasm of individual cells including their processes (n ϭ 20) was analyzed. In single cells, immunoreactive areas were defined by the threshold of signal intensity and multiplied by the intensity value, resulting in a staining index per cell. Only cells with a clearly discernible nucleus were used. To avoid bias, all analyses were performed with the investigator blind to the protocol of the sample under study. Means Ϯ SD were calculated. Statistical analyses were performed by ANOVA, followed by a post hoc (Dunnett') test; p Ͻ 0.05 was considered to be significant.
Biocytin filling of neurons in slice cultures. CA1 pyramidal neurons in hippocampal slice cultures were intracellularly filled with biocytin using the whole-cell configuration of the patch-clamp technique. For this purpose, whole-cell recordings were made under visual control using differential interference contrast video microscopy. An upright microscope (Axioskop FS; Zeiss, Oberkochem, Germany) equipped with a 40ϫ immersion objective camera (C2400; Hamamatsu, Hamamatsu City, Japan) was used. Patch pipettes were pulled from borosilicate glass tubes (2.0 mm diameter, 0.5 mm wall thickness; Hilgenberg, Malzfeld, Germany). When filled with intracellular solution, they had resistances of 3-5 M⍀. Neurons were approached while positive pressure was applied to the inside of the patch pipette. Tight-seal (Ͼ2 G⍀) whole-cell recordings were established in the pyramidal neurons using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA).
Neurons were filled with biocytin for 10 -15 min. After withdrawal of the pipette, cultures were stored for 30 min in oxygenated medium to allow biocytin transport. Slices were fixed by immersion in a phosphatebuffered solution (0.1 M PB; pH 7.4) containing 1% paraformaldehyde and 2.5% glutaraldehyde (12 hr at 4°C). Cultures were rinsed several times in PB. To block endogenous peroxidase, cultures were transferred to phosphate-buffered 3% H 2 O 2 for 10 min, rinsed several times in PBS, and incubated overnight (4°C) in an ABC-Elite solution (1:100; ALEXIS, Grünberg, Germany), to which 0.1% Triton X-100 was added. After washing the cultures in PBS, biocytin was visualized using 0.05% DAB in PBS containing 0.005% (NH4) 2 Ni(SO4) 2 and 0.006% COCl 2 for intensification. Neurons were developed by adding 0.01% H 2 O 2 to the DAB solution until all processes of the neurons, including dendritic spines, were clearly visible. Cultures were postfixed in 0.1% osmium tetroxide in PBS for ϳ2 min, dehydrated through an ascending series of ethanol (50% to absolute ethanol; 15 min each step; followed by toluol, 10 min), and finally embedded in Hypermount (Lifescience International, Frankfurt, Germany).
Lucifer yellow filling of neurons in dispersion cultures. Cells in dispersion cultures were intracellularly filled with Lucifer yellow (5% in 0.1 M PB), followed by photoconversion of the fluorescent dye into a stable DAB product using a UV lamp ( ϭ 410 nm), as described in detail previously (Naumann et al., 1992a,b) .
Morphological analysis of spine density. Light microscopic analysis of neuronal elements and spine counts were performed using a plan APO 100ϫ, 1.4 oil immersion objective attached to a BX50 microscope (Olympus, Hamburg, Germany) . Spine counting in cultures containing biocytin-or Lucifer yellow-filled pyramidal cells of each experimental group was performed with the investigator blind to the experimental protocol. Spines were identified as 1-to 3-m-long protrusions from the dendrite, several of them bearing a distinct spine head. For quantification and distribution of spines, camera lucida drawings were performed, and the apical stem dendrite was subdivided into segments of 50 m length (25 m in dispersion cultures), beginning with the origin of the apical stem dendrite from the soma. In slice cultures, a second set of five segments (50 m each) of apical third-order dendrites was analyzed. The number of spines in each dendritic segment was counted three times, and means Ϯ SD were used for statistical analysis. Because the number of spines in each dendritic segment of pyramidal cells showed a normal distribution, the two-way F test was performed. This test was used to reveal a statistically significant difference between variants of the two independent groups of estradiol-treated cultures and untreated controls. The level of significance was set at p Ͻ 0.01.
Results

Hippocampal estrogen synthesis is regulated by aromatase activity
In a previous study, we were able to show that adult hippocampal neurons are capable of synthesizing estradiol in vitro (PrangeKiel et al., 2003) . In the present study, we used hippocampal slice cultures and neonatal hippocampal dispersion cultures, two established culture systems (Murphy and Segal, 1996; Murphy et al., 1998; Pozzo-Miller et al., 1999) , to demonstrate the effects of hippocampus-derived estradiol on spine formation.
In both culture systems, measurement of estradiol in collected media revealed considerable amounts of 17␤-estradiol after 8 DIV (Fig. 1) . Supplementation of the medium with letrozole at various doses after 4 DIV led to a significant downregulation of estradiol synthesis. A dose dependency was seen in hippocampal slice cultures at doses in a range of 10 Ϫ11 to 10 Ϫ7 M letrozole. At a dose of 10 Ϫ7 M, inhibition was maximal (Fig. 1) . No similar dose dependency could be achieved in dispersion cultures (data not shown), although at all doses, the mean value was lower than in control cultures. Differences between the various doses, however, were very small and not significant because of a high SD. Probably, the sensitivity of our RIA was too low to discriminate between steps of 3 pM estradiol. With 10 Ϫ7 M letrozole, however, a dose that resulted in maximal inhibition of estradiol synthesis in slice cultures, we also measured a significant downregulation of estradiol synthesis in dispersion cultures (Fig. 1) .
Hippocampal synapses are responsive to endogenous estradiol
Cell viability, as judged by morphological inspection, was not affected by estradiol or letrozole treatment of dispersion cultures. In hippocampal slice cultures, neuronal ultrastructure and the typical cellular arrangement of the pyramidal layer were well preserved and did not differ from the in vivo situation. By electron microscopy, Figure 1 . Letrozole inhibits estrogen synthesis. A dose-dependent decrease in 17␤-estradiol release into the medium was found after treatment of slice cultures with various doses of letrozole (f; mean Ϯ SD; n ϭ 3 cultures per group; ૺp Ͻ 0.05 to control). Estradiol synthesis was significantly reduced at a dose of 10 Ϫ7 M letrozole in dispersion cultures (u; mean Ϯ SD; n ϭ 3 cultures per group; ૺp Ͻ 0.05 to control). no qualitative differences were found between nontreated or estradiol-and letrozole-treated hippocampal slices. In all groups of cultures, spine synapses could be distinguished from shaft synapses in the CA1 region ( Fig. 2A-F) , where estrogen-induced spine formation had been described in previous studies.
As a first step in our quantitative EM analysis, we determined the number of presynaptic boutons (identified by the presence of synaptic vesicles), the number of spine synapses, and the number of shaft synapses in stratum radiatum (CA1) of slice cultures using unbiased stereological methods. At a dose of estradiol used in the study by Pozzo-Miller et al. (1999) , who noticed an increase in spine number by 100% after estradiol treatment of hippocampal slice cultures, we were unable to find an effect of estradiol on the number of spine and shaft synapses and of boutons (Fig. 2G) . However, our cultures were responsive to estrogen. Application of estradiol at a dose of 10 Ϫ7 M reliably led to an upregulation of ERs (see below). In contrast, inhibition of estradiol synthesis by letrozole resulted in a significant downregulation of spine synapses and of presynaptic boutons (Fig. 2G) . No changes were found in the number of shaft synapses after incubation with letrozole.
Our EM findings were confirmed by spine counts in Lucifer yellow-filled neurons in dispersion cultures (Fig. 3) . In accordance with previous studies (Amateau and McCarthy, 2002) , spine density was generally much lower in hippocampal dispersion cultures compared with organotypic hippocampal cultures, likely because of a decreased number of synaptic connections in these dissociated neurons. Estradiol treatment did not significantly increase the number of spines, whereas a significant reduction in spine number was seen after incubation with letrozole at a dose of 10 Ϫ7 M (Fig. 3) . Next, we also determined the number of spines on apical dendrites of biocytinfilled CA1 pyramidal cells in hippocampal slice cultures. These studies were performed in view of previous reports indicating an increased spine density in slice cultures treated with estradiol (Pozzo-Miller et al., 1999) . According to Pozzo-Miller et al. (1999) , our cultures were treated with estradiol at a dose of 7 ϫ 10 Ϫ7 M. To exclude gender differences, slice cultures of male (n ϭ 8) and female (n ϭ 8) animals were used. As shown in Figure 4 A, biocytin-injected cells in these cultures showed a similar dendritic arborization as known from Golgi-impregnated pyramidal cells in perfusion-fixed hippocampi. Dendritic spines were clearly discernible (inset). Also, the distribution pattern of spines along the apical stem dendrite of nontreated CA1 neurons was in line with previous reports (Table 1) . We found ϳ25% more spines than in the controls in the study by Pozzo-Miller et al. (1999) . Statistical analysis using the two-way F test did not reveal significant differences in spine density along apical stem dendrites of CA1 pyramidal cells cultured in the presence or absence of exogenous estradiol (Fig. 4 B) . Because significant differences in spine number were found on tertiary dendrites after estradiol application (Pozzo-Miller et al., 1999) , we additionally counted spines on tertiary dendrites of CA1 pyramidal cells (Fig. 4C ). In accordance with the spine counts on apical dendrites, estradiol treatment did not result in a significant change in spine number on tertiary dendritic branches. No differences were found between slices from male and female animals.
Together, our fine structural studies as well as the spine counts in hippocampal cell cultures and slice cultures do not support previous reports on the effects of exogenously applied estrogen Figure 2 . Electron micrographs of the stratum radiatum of the CA1 region after treatment with letrozole or estradiol. A-C, No differences between different treatments were observed in the neuropil. D-F, Framed areas at higher magnification. In all groups, morphologically intact synapses were found (arrows). G, Quantitative evaluation of synapses in the stratum radiatum of the CA1 region in slice cultures. No differences in the number of shaft synapses were found between treatments. A significant decrease in spine synapses and in bouton number was seen after treatment of the slices with letrozole, whereas spine synapse and bouton numbers did not increase in response to estradiol (n ϭ 5; mean Ϯ SD; ૺp Ͻ 0.05 to control). on spinogenesis. However, they point to a role of local estrogen synthesis in the maintenance of spines because both spines and spine synapses were reduced after incubation with the aromatase inhibitor letrozole. In other words, reducing estrogen synthesis may be a more sensitive approach to study estrogen effects on synapse structures than exogenous application of the hormone.
Aromatase inhibition downregulates synaptic protein expression
Next, we asked for the regulation of synaptic proteins in response to local estrogen synthesis. We chose synaptophysin as a presynaptic marker and spinophilin as a marker of postsynaptic spines.
Spinophilin, a protein highly enriched in dendritic spines, has been implicated in regulating spine formation and function (Feng et al., 2000; Hao et al., 2003; Muly et al., 2004) . We therefore used this protein as a marker of spines, speculating that an increase in spinophilin expression might reflect an increase in spine number (Amateau and McCarthy, 2002) . In hippocampal slice cultures and dispersion cultures, immunoreactivity was found in the cell soma and in dendrites (Fig. 5A-D) but appeared also as punctate staining, indicating the labeling of spines (Fig.  5D ). After treatment with letrozole, staining intensity as revealed by image analysis was dramatically reduced (Fig. 5E ). Consonant changes induced by letrozole were observed in dispersion cultures and quantified by image analysis (Fig. 5F ). An upregulation of spinophilin in response to estradiol, which we expected, was not found by quantitative immunohistochemistry, neither in the CA1 region of slice cultures (Fig. 5E ) nor in dispersion cultures (Fig. 5F ) .
Synaptophysin, being a constituent of the synaptic vesicle membrane, is a well established presynaptic marker. It has been shown to be responsive to estradiol application (Rune et al., 2002; Yokomaku et al., 2003) . In slice cultures and in dispersion cultures, immunoreactivity appeared as a punctate staining (Fig.  6 A-D) . After letrozole treatment, a clear-cut downregulation of synaptophysin expression was found by image analysis of immunolabeling in both types of cultures (Fig. 6 E, F ). After treatment with estradiol, there was an upregulation of synaptophysin in slice cultures as well as in dispersion cultures (Fig. 6 E, F ) , thus confirming previous findings by Yokomaku et al. (2003) . Upregulation of synaptophysin not accompanied by an increase in bouton number as found by counting boutons in electron micrographs (Fig. 2G) points to a direct effect of estradiol on this protein and confirms the study by Yokomaku et al. (2003) .
Control experiments
Ligand-induced ER expression, which we routinely performed to control for the responsiveness of the cultures to estrogen, was found similarly regulated in the present experiments as described previously (Rune et al., 2002; Prange-Kiel et al., 2003) . In dispersion cultures, ER␣ was upregulated, whereas ER␤ expression was decreased in response to estradiol. In slice cultures, an upregulation was found with ER␣, particularly in CA1. ER␤ expression was not changed in slice cultures by treatment with estradiol (data not shown).
In a "rescue" experiment, cells in dispersion cultures were treated with letrozole or estradiol after 4 DIV, and then synaptophysin expression was analyzed 24 hr later. As mentioned before, letrozole treatment resulted in a significant decrease of synaptophysin expression. We found that synaptophysin expression could be restored by adding estradiol together with letrozole to the medium at a dose of 10 Ϫ7 M (Fig. 7) . Finally, we wanted to test the effects of estradiol plasma concentrations (10 Ϫ12 M in male and 10 Ϫ10 M in female rats) in cultures that had not been treated with letrozole before. Under these conditions, no upregulation of synaptophysin in response to estradiol was found, neither at a dose of 10 Ϫ12 M in hippocampal dispersion cultures from male rats nor at a dose of 10 Ϫ10 M in cultures from female rats (Fig. 8 ). The downregulation of synaptophysin by letrozole could not be restored when the treatment was accompanied by estradiol application at normal plasma concentrations of male and female rats (male, 10 Ϫ12 M; female, 10 Ϫ10 M) to cultures from male and female animals, respectively (Fig. 8) .
Discussion
The results of the present study show, for the first time, that inhibition of aromatase activity in hippocampal cultures and the subsequent downregulation of local estrogen synthesis decreases the number of spine synapses in hippocampal cultures. Interestingly enough, opposite effects were not observed by treatment of the cultures with estradiol. Our findings point to an essential role of hippocampus-derived estrogen in the maintenance of hippocampal synapses.
Letrozole as a tool to study estrogen effects in neural tissue
The concept that steroids are synthesized de novo in the brain has emerged from observations made in the 1980s by Baulieu and coworkers (for review, see Baulieu, 1997) . Results from several laboratories over the past decade have established unequivocally that the enzymes found in classic steroidogenic tissues are present in the CNS (Compagnone and Mellon, 2000) . Aromatase, which transforms testosterone to estradiol, has been detected in rat hippocampal neurons both at the mRNA level (Abdelgadir et al., 1994; Wehrenberg et al., 2001 ) and protein level (Sanghera et al., 1991; Garcia-Segura et al., 1999 , 2001 ). Recently, it was shown that adult hippocampal neurons indeed synthesize estrogens (Prange-Kiel et al., 2003) . The conversion of androgens to estrogens by aromatase is the most crucial step in the estrogen synthesis pathway. Irreversible steroidal agents inactivate the enzyme, whereas reversible nonsteroidal inhibitors, such as letrozole, actively decrease the amount of circulating estrogens (Foidart et al., 1995; Geisler et al., 2002) . Letrozole turned out to be the most potent aromatase inhibitor in many culture systems. In contrast to most antiestrogens (for review, see Nilsson and Gustafsson, 2002) and other inhibitors of steroidogenesis, it does not interfere with ER function (Puddefoot et al., 2002; Prange-Kiel et al., 2003) . In adult hippocampal dispersion cultures, estrogen synthesis could be almost completely inhibited by letrozole at a dose of 10 Ϫ9 M (Prange-Kiel et al., 2003) . In the present study, estradiol withdrawal by letrozole treatment resulted in a downregulation of spinophilin and synaptophysin expression. The latter effect could be restored by simultaneous application of estradiol and letrozole. This finding underscores the specific effect of letrozole on aromatase and makes possible toxic effects of doses used in this study unlikely. With both parameters, synthesis of estrogen and synaptophysin, maximal effects were found at a dose of 10 Ϫ7 M letrozole, thus confirming previous studies on letrozole effects in other culture systems (Mitropoulou et al., 2003) .
A role of hippocampal aromatase for the maintenance of synapses Our data show that reducing estradiol levels by blocking aromatase activity with letrozole reduces dendritic spine synapse density and downregulates postsynaptic proteins such as spinophilin. Presynaptically, synaptophysin expression was downregulated, and a loss of boutons was found. This points to a crucial role of brain aromatase and local estrogen synthesis in the maintenance of spine synapses. A key role for aromatase has been described frequently in studies on neuroprotective effects of estrogen (for review, see Azcoitia et al., 2001 ). For instance, intracerebral administration of fadrozole, another aromatase inhibitor, enhanced kainic acid-induced neurodegeneration in the hippocampus of male rats (Peterson et al., 2001) . Aromatase is upregulated in the adult nervous system in different lesion paradigms , as are ERs after brain injury (Dubal et al., 1999) . This suggests that the endogenous response of neural tissue to cope with cerebral insults may include the induction of aromatase and the consecutive increase in local estradiol synthesis. Estradiol, in turn, upregulates ERs, particularly in CA1, where an estradiol-induced spine increase was found in previous studies. For hippocampal neurons, this dependency of ER expression on hippocampal estrogen synthesis was recently shown (Prange-Kiel et al., 2003) . Because the sensitivity of hippocampal neurons in our system is higher to lowering estrogen levels by aromatase inhibition than to application of estradiol, our findings confirm the concept of aromatase and local estrogen synthesis as being strong neuroprotective factors in the hippocampus, in this case by maintaining hippocampal spine synapses.
Does estrogen induce synapse formation?
Our findings contrast to the widely held concept of estrogeninduced spine formation in vivo Woolley and McEwen, 1993; Segal and Murphy, 2001; McEwen, 2002) and in vitro Segal, 1996, 1998; Pozzo-Miller et al., 1999) because not the application of estradiol, but lowering estrogen levels, was found to be effective.
The conflicting results between previous in vitro studies and our in vitro findings may indicate a ceiling under the current conditions that impedes additional spine increase. However, under the experimental conditions of previous reports, the maximal spine number may not have been reached, allowing an additional increase in spine density. Pozzo-Miller et al. (1999) found a clearcut upregulation of spines in response to estradiol in slice cultures and Murphy and Segal (1996) in dispersion cultures. The differences may be attributable to the age of the animals used [for instance, Murphy and Segal (1996) used cultures of prenatal instead of postnatal animals] as well as to other factors that may interact with estradiol. In both studies, serum was added to the culture medium, which not only contained various undefined steroids but also growth factors. Several growth factors, in turn, were shown to be regulated by estradiol (Toran-Allerand, 2000) . Previously, estrogen-induced upregulation of spines has not been shown under serum-free and steroid-free culture conditions.
Several in vivo studies have already shown that exogenous estradiol does not directly increase hippocampal spine density. It has been known for at least 10 years that changes in spine density during the estrous cycle do involve more than estradiol alone. Gould et al. (1990) , using adult female animals, were the first to show estradiol-induced changes in spine density but also indicated a role for progesterone in regulating spine density. Woolley et al. (1990) showed varying spine densities during the estrous cycle, and Woolley and McEwen (1993) also demonstrated a critical role for progesterone in producing a decrease in spine density between proestrus and estrus stages of the cycle. This decrease could be blocked by an antiprogestin. Furthermore, progesterone downregulates ERs which are widely distributed in the hip- pocampus Hösli and Hösli, 1999; Gundlah et al., 2000; Hart et al., 2001; Shughrue and Merchenthaler, 2001; Wehrenberg et al., 2001; Rune et al., 2002) . Along this line, treatment of ovariectomized rats with estradiol, which results in an increase in spines on apical dendrites of CA1 pyramidal cells (for review, see Segal and Murphy, 2001; McEwen, 2002) , does not prove direct effects of exogenously applied estradiol on spine or synapse formation. The physiological balance of estradiol interaction with other factors (e.g., neurotrophins) is far from being understood (Toran-Allerand, 2000) , and physiological concentrations of estradiol in various brain regions are yet unknown. In addition, it has become obvious during the last decade that estrogen synthesis takes place in many tissues. For instance, considerable amounts of estradiol and other steroid metabolites are synthesized in bone, fat tissue, and in the adrenal glands (Simpson et al., 1999) . Exogenous estrogen application to animals is likely to interfere with a fine-regulated endogenous balance. Furthermore, there is increasing evidence that afferent connections of the hippocampus that arise from estrogensensitive subcortical regions play a role in estrogen-induced hippocampal plasticity (Leranth et al., 2000; Lam and Leranth, 2003; Prange-Kiel et al., 2004) . Estrogen replacement in ovariectomized rats had no effect on spine density in the hippocampus after fimbria/fornix lesion, which suggests that hormonal regulation of hippocampal spine synapse density involves subcortical control (Leranth et al., 2000) . Recently, Rudnick et al. (2003) showed that estrogen-regulated synaptic plasticity partly depends on basal forebrain cholinergic neurons.
In the present study, synaptophysin expression was upregulated by estrogens, but this was not accompanied by a change in bouton number. These findings confirm our previous results (Rune et al., 2002) as well as findings by Yankova et al. (2001) in vivo and Yokomaku et al. (2003) in vitro. They found an increase in multi-synapse boutons in response to estradiol but not more boutons (Yankova et al., 2001) . Yokomaku et al. (2003) also showed that estrogen-induced upregulation of synaptophysin was not accompanied by changes in the number of immunoreactive boutons. Thus, estradiol may directly activate the exocytotic machinery as shown by an upregulation of presynaptic proteins and enhanced glutamate release (Yokomaku et al. 2003) . There was no estrogen-induced upregulation of spinophilin in the present exper- (control) . E, Image analysis of spinophilin immunolabeling in the stratum radiatum of CA1 after estradiol or letrozole treatment. Letrozole treatment resulted in a significant downregulation of spinophilin. An upregulation by estradiol was not found (n ϭ 5 slices per group; mean Ϯ SD; ૺp Ͻ 0.05). F, Image analysis of spinophilin immunolabeling in single pyramidal cells after estradiol and letrozole treatment, respectively. Letrozole led to a significant downregulation of spinophilin immunoreactivity (n ϭ 20 cells per group; mean Ϯ SD; ૺp Ͻ 0.05 to control). . E, Image analysis of synaptophysin immunostaining in the stratum radiatum of CA1. Estradiol significantly upregulates and letrozole downregulates immunostaining for synaptophysin (n ϭ 5 slices per group; mean Ϯ SD; ૺp Ͻ 0.05 to control). F, Image analysis of synaptophysin in single pyramidal cells after estradiol and letrozole treatment, respectively. Letrozole treatment resulted in a significant downregulation of synaptophysin immunoreactivity. Conversely, intensity of immunolabeling was increased after treatment with estradiol (n ϭ 20 cells per group; mean Ϯ SD; ૺp Ͻ 0.05).
iments, corroborating our morphological findings that no more spines were formed. However, lowering estradiol levels by letrozole caused both downregulation of synaptophysin and spinophilin and also resulted in a decrease in the number of boutons and spines.
In summary, our findings point to an essential role of hippocampus-derived estrogen in the maintenance of hippocampal synapses. The data are consistent with recent studies by Kawato and coworkers (Hojo et al., 2004) , who showed that the concentration of estradiol in male hippocampal slices is six times higher than the average levels of estradiol in plasma. They propose brain neurosteroids, including estradiol, to be modulators of interneuronal communication by acting in a paracrine manner. In analogy, it appears from our findings that an intrinsic, fine-regulated estrogen synthesis regulates spine synapses in the hippocampus. Ϫ7 M letrozole, a significant downregulation of synaptophysin immunolabeling was found. This effect could be restored if the medium was supplemented with estradiol, together with letrozole (n ϭ 20; mean Ϯ SD; ૺp Ͻ 0.05 to control). Ϫ12 M estradiol for male and 10 Ϫ10 M estradiol for female animals had no effect on immunolabeling, quantified by image analysis, and the significant downregulation of synaptophysin by letrozole could not be restored by these physiological doses (n ϭ 20 cells per group; mean Ϯ SD; ૺp Ͻ 0.05)
